In the section 1, we described the differences in the box model setup between the 'constrained' and 'fixed' models. In section 2, we describe six chemical sensitivity studies used to assess the variability of the model response to various changes to the model chemistry. Finally, in section 3, we describe a cost function analysis performed on three variables: the boundary layer height during the day, the boundary layer height at night, and the amount of material lost at night due to the dilution parameter.
Fixed box model setup
The fixed box model differs from the 'constrained' box model in three key ways. First, the emissions of NO is not constant into the model. Instead, it is set to 12 pptv hour −1 .
Secondly, the photolysis rate of NO 2 was altered. The box model uses the photolysis mechanism of the MCM, which has not been optimized for the region in which the measurements were made. The MCM photolysis rate constants are originally for July, for clear sky conditions, and were not able to produce the correct NO:NO 2 ratio. The rate constant for j NO2 was thus pragmatically reduced by 50% to account for clouds and aerosol. To ensure that targetting a single photolysis rate was an effective method, we ran a sensitivity experiment in which all photolysis rates were reduced (as opposed to just j NO2 ) by 50%. Figure 1 shows the correlation plots of NO, NO 2 , and O 3 The slopes are 1.22, 0.93, and 0.99, for NO, NO 2 , and O 3 respectively.
Finally, in the physical sensitivities section of the paper (section 3), we alter the boundary layer as an input parameter for the box model. In the constrained version of the model, the boundary never changes.
In all other respects, the box model described here is identical to that used in the main part of the paper.
Chemical sensitivities
We performed a range of experiments to explore the sensitivity of the model O 3 and NO x budgets to various parameters. First, a series of emissions sensitivities were carried out (not shown.) In order to determine if the nighttime NO concentration could be captured if emissions were altered, a sensitivity study was performed in which emissions of NO were tripled to 1.8 ppbv day −11 . This did not improve the agreement between the modelled and measured values at night. Nonzero nighttime NO could arise from emission taking place very near to the measurement inlet, which is not reproduced by the box model as NO quickly reacts with O 3 to form NO 2 in a zero dimensional 1 Further discussion of the nighttime NO concentrations can be found in Pugh, T., Ryder, J., MacKenzie, A.R., et al., "Modelling chemistry in the nocturnal boundary layer above tropical rainforest: enhanced boxmodelling using an effective deposition velocity", this special issue, in prep., hereafter refered to as Pugh, et al., in prep. Overall, the diurnal patterns were very similar between the two runs, and between these two studies we determined that the regime was likely not emissions controlled.
Although it has been proposed that some chemistry in high-VOC environments might be explained by the presence of unknown reactive hydrocarbons [see Di Carlo et al., 2004 , and references therein], any VOC with similar reactivity to that of isoprene seems to be unable to explain any divergence in the model-measurement comparison. Table 1 provides a summary of the various chemical sensitivity runs, with corresponding results plotted in Fig. 2 . Generally, the budget was largely unchanged and the diurnal cycle was relatively insensitive to chemical changes. The overall diurnal structure for NO is well captured, with the maxima at 8:00 h. With the inclusion of the dilution parameter, the NO 2 diurnal structure is also always well simulated. All the chemical sensitivities capture the cycle of ozone but not the magnitude. In the first chemical sensitivity test (Fig. 2 Two computational tests were also performed. In the first, the model species concentrations were reinitialized each day at midnight, rather than using the values calculated by the model the previous day (Fig. 2, red line) . This introduced a stronger bias in NO and NO 2 around 6:00 h, the first time photochemistry turns on after reinitialization. A second study reinitializes the model at an artificially high value of ozone, and this too displays a similar model bias at sunrise (Fig. 2 , purple line). These two experiments give confidence that the model sensitivity to initial conditions is eliminated by reusing the concentrations calculated from the previous day.
The six studies discussed emphasize that the budgets from the UKCA chemical mechanism are relatively robust to chemical, photolytic, and deposition rate changes.
From our analysis, it appears likely that the regime is more sensitive to physical processes and parameterizations than chemical ones. In order to assess the impact of these chemistry factors in relation to physical parameters controlling the processes of emission, mixing and deposition, we conducted a further series of experiments based on physical variables.
Physical sensitivities
As shown in Fig. 2 of the main manuscript, the July aircraft data show vertical structure in both NO and NO 2 with much lower concentrations in the free troposphere compared
with the boundary layer. The dilution parameter simulates exchange with free tropospheric air at night and assumes that this incoming air has lower concentrations of NO, NO 2 , and ozone. However, O 3 displays little to no vertical structure in the measurements. For this reason, a simulation was run in which dilution of ozone was turned off while all other species continued to be mixed. Not diluting O 3 is the numerical equivalent of removing O 3 and introducing an equal amount during the same amount of time,
such that a collapse of the boundary layer and mixing with the free tropospheric air may well bring in 'new' ozone, but the concentrations will be similar to the boundary layer air it is replacing. This is reinforced by the difference between the species in their distribution of sources and sinks; NO x has a source which is largely surface dominated at a remote rainforest location (higher in the troposphere, lightning can contribute as well), whereas ozone has a significant surface sink due to deposition. Three variables are used to further test the physical boundaries of the box model: the exact quantity of material lost at night (the dilution parameter), the height of the boundary layer during the day, and the height of the boundary layer at night. In order to obtain the best value for these three parameters, a cost function analysis was used:
where for each species (denoted by x) and at each timestep (t), the difference between modelled and measured values of NO, NO 2 , O 3 are evaluated and averaged over 24 hours and 15 experiment days. The cost function gives the average devation of the model from the measurements expressed as a fraction, where zero is a perfect match.
The NO cost function is only evaluated between 6:00 and 18:00 h due to the mechanism's inability to capture nighttime NO concentrations, so that results are not skewed because of nighttime values. The results of the three cost functions are shown in Fig. 4 , where a lower value of the cost function represents better agreement between measured and modelled concentrations.
The NO cost function shows a dependence on the dilution fraction until the value of 2% per timestep, at which point model and measured data converge to a reasonable agreement of less than 30% difference in value.At the zero value for dilution, NO
shows almost no dependence on the nighttime boundary layer height, reflecting the fact that we only evaluate the cost function during daytime hours. NO matches the measurements best (values less than 0.20) for high values of the daytime boundary layer height, though the gradient of dependence on daytime boundary layer height decreases with increasing dilution fraction.
At a 0% value for the dilution parameter, the NO 2 cost function shows values of 0.30 to 0.80. With dilution, the levels are lower (values less than or equal to 0.30), which suggests that the best fit requires at least some consitutuent species to be transported from the boundary layer at night. Between 1% and 4% for the dilution parameter, however, NO 2 displays little variation in the cost function, and the entire cost function 'space' is valued under 0.30. NO 2 also shows very little dependence on the nighttime boundary layer height, demonstrating that dilution is a more important loss process than deposition. The height of the boundary layer during the day is important only at heights less than approximately 700 m.
Ozone was not diluted in these experiments, so the cost function for ozone is relatively stable in relation to dilution parameter. Ozone shows a very high sensitivity to the boundary layer height during the day (with values ranging between 0.10 and 1.0), presumably due to deposition, and little dependence at night except below 500 m. 4 Fixed model best fit were taken from the cost function analysis minima. The results show good agreement between measured and modelled values, capturing the majority of structure and diurnal variation for all three measured species. NO matches particularly well, though the model is still not able to simulate the residual concentrations at night. These could arise from a highly stratified boundary layer, or rapid mixing times up from the soil to the measurement inlet before chemical reaction 2 . In either case, these processes are very small scale, and beyond the capability of a global model (with a resolution of tens to hundreds of kilometres) to capture physically.
Modelled NO 2 is higher than the measured values but captures the structure of the measurements effectively. In particular, the nighttime structure of NO 2 is well simulated once dilution was included in the box model. Afternoon NO 2 concentrations are higher (approximately 90%) in the model than measurements. Since our analysis
shows that transport and physical processes dominate the diurnal structure, perhaps this afternoon discrepancy arises from afternoon convection or wet deposition. Ozone looks very similar to measurements, though the rapid rise in the morning is not entirely captured. Nonetheless, the magnitude and basic form of the diurnal cycle are simulated well. ratio. The afternoon, however, shows an overestimate in the total NO x calculation.
As mentioned above, one possible explanation for this is afternoon convection. The NO:NO 2 ratio is also well captured. We acknowledge that the reduction in j NO2 contributes to this, though the photolysis mechanism in the global model is also able to capture the daytime NO:NO 2 ratio well (see Fig. 3 in the main manuscript).
Final global model simulation
It is possible to crudely adjust the boundary layer scheme in the global model to attempt to reproduce the night time decline in NO 2 , a parameterization similar to the box model 'dilution parameter'. The boundary layer in p-TOMCAT varies diurnally in a similar fashion to that seen by the lidar measurements close to Bukit Atur. During daytime the observed boundary layer extends to approximately 1 km but falls to 200m or less at night ?. In p-TOMCAT, the boundary layer height is similar during the day but at night falls to less than 100 m. The model boundary layer is constrained for numerical stability to be no shallower than the bottom model layer (approximately 30 m). Of course, the global model simulation does not resolve the small scale orography around the measurement site, so we introduced idealized nighttime mixing to simulate the exchange of near surface air with air from above the boundary layer. This new simulation was performed with the diffusion coefficient for the boundary layer increased between midnight and 6:00 h for the bottom three model levels (from the surface to ∼300 m) for the gridcell containing the measurement site. Results (not shown) do produce a decrease in NO 2 from midnight, as seen in the box model and the data, as expected, though not for the entire 6 hour period. We have not attempted to optimize the mixing; it is nevertheless clear that influx of free tropospheric air could explain the results from the global model as well as in the box model.
